Archaea, primarily Crenarchaeota, are common in soil; however, the structure of soil archaeal communities and the factors regulating their diversity and abundance remain poorly understood. Here, we used barcoded pyrosequencing to comprehensively survey archaeal and bacterial communities in 146 soils, representing a multitude of soil and ecosystem types from across the globe. Relative archaeal abundance, the percentage of all 16S rRNA gene sequences recovered that were archaeal, averaged 2% across all soils and ranged from 0% to 410% in individual soils. Soil C:N ratio was the only factor consistently correlated with archaeal relative abundances, being higher in soils with lower C:N ratios. Soil archaea communities were dominated by just two phylotypes from a constrained clade within the Crenarchaeota, which together accounted for 470% of all archaeal sequences obtained in the survey. As one of these phylotypes was closely related to a previously identified putative ammonia oxidizer, we sampled from two long-term nitrogen (N) addition experiments to determine if this taxon responds to experimental manipulations of N availability. Contrary to expectations, the abundance of this dominant taxon, as well as archaea overall, tended to decline with increasing N. This trend was coupled with a concurrent increase in known N-oxidizing bacteria, suggesting competitive interactions between these groups.
Introduction
Since the formal recognition of the archaeal domain around two decades ago (Woese et al., 1990) , knowledge of the biology, diversity and ecology of this microbial group has grown considerably. Archaea have been found in a wide variety of habitats including hydrothermal vents (for example, Ehrhardt et al., 2007) , marine waters (for example, DeLong, 1992) , hypersaline sediments (for example, Demergasso et al., 2004) , freshwater sediments (for example, Schleper et al., 1997) and soil environments (for example, Bintrim et al., 1997; Buckley et al., 1998; Oline et al., 2006) . These advances have largely been fueled by the advent of PCR-based molecular techniques, which have permitted the detection of archaea in samples without cultivation and have improved our knowledge of this domain of life. Recent progress has included the recognition of novel archaeal lineages, the development of new functional markers and probes, the cultivation of over 50 different archaeal strains, and the sequencing of several archaeal genomes, including that of an ammonia-oxidizing group 1 archaeon (see Schleper et al., 2005; Walker et al., 2010) .
Although our knowledge of the group is expanding, we still have an inadequate understanding of terrestrial archaea. Previous surveys of soil archaea have typically examined a limited number of samples or sites, often focusing on only a single category of soils, such as agricultural soils (Buckley et al., 1998; Furlong et al., 2002; Gattinger et al., 2007) or soils from extreme environments including deserts and recently deglaciated sites Pointing et al., 2009; Soule et al., 2009) . The most comprehensive survey of archaeal populations to date (Auguet et al., 2009 ) provided valuable insight into broad-scale ecological patterns exhibited by the archaeal domain in general. That investigation, however, did not specifically focus on terrestrial archaea, nor did it examine in any detail the variables that might affect archaeal abundance in soils. The picture emerging from these, and other, studies is that soils are typically dominated by a few groups of Crenarchaeota (Auguet et al., 2009) , containing members that are possibly key players in soil nitrification (Leininger et al., 2006; Nicol and Schleper, 2006) .
There has been much speculation regarding the factors that influence soil-dwelling archaeal communities, their diversity, relative abundance and the functional roles that they have in terrestrial environments. Recent investigations have reached varying conclusions about the environmental variables, which structure archaeal communities, suggesting that these communities can be influenced by pH (for example, Nicol et al., 2008) , elevation (for example, Zhang et al., 2009) or climate and vegetation cover (for example, Angel et al., 2009) . Similarly, there are numerous lines of evidence suggesting that archaea may function as important soil nitrifiers (Treusch et al., 2005; Leininger et al., 2006; Nicol and Schleper, 2006) , however, studies that have focused specifically on this question (for example, Nicol et al., 2004; Le Roux et al., 2008; Tourna et al., 2008; Di et al., 2009; Jia and Conrad, 2009; Offre et al., 2009; Schauss et al., 2009) , have produced divergent results regarding the overall importance of archaealmediated ammonia oxidization in soil.
It is important to note, however, that inferences in the above mentioned studies have typically been drawn from either a relatively limited number of soils or from soils collected across a single environmental gradient. With the ongoing development of high-throughput sequencing technologies, we can now address these knowledge gaps by comprehensively characterizing microbial communities in large numbers of individual soils to examine global trends for soil microbes. Recent studies have demonstrated the value of using these 'next generation' techniques in identifying broad ecological patterns that govern the structure and diversity of soil bacteria Lauber et al., 2009) .
Here, we utilized barcoded pyrosequencing targeting the 16S ribosomal RNA (rRNA) gene to consistently and thoroughly survey a large number of soils (nearly 150 samples, resulting in over 150 000 archaeal and bacterial 16S sequences, with over 2500 of these corresponding to archaea), which represent soils from a wide variety of ecosystem types (from Antarctic dry valleys to tropical forests of South America). From the pyrosequencing data, we directly determined the relative abundance of archaea as well as the general structure of dominant archaeal populations in soil, and investigated how these factors may be influenced by soil and site characteristics. Contained within our data set are specific sample subsets (for example, nitrogen (N) addition plots, latitudinal transects within a biome) that permit more focused examinations of how different environmental factors may influence the relative abundances of soil archaeal taxa in situ. As the one of the more wide-ranging examinations of the global-scale patterns exhibited by soil archaea to date, this work addresses the following questions: (i) What are the dominant archaeal taxa in soil? (ii) How does the relative abundance and occurrence of dominant soil archaea vary across a wide range of biomes? (iii) Do key soil archaea inhabit a particular niche, or set of niches, which are predictable based on soil edaphic or site characteristics? (iv) How do dominant archaeal populations in soil respond to inorganic N amendments in situ? Tilman, 1987) and Kellogg Biological Station (KBS in MI, USA-N Fertility Gradient; for example, see Buckley et al., 1998) . Data on the location, climate and vegetation cover for each site included in this study are provided in Supplementary Table S1 . The methods used to collect edaphic and environmental data have been described previously (Fierer and Jackson, 2006) . The soil collection protocol followed that of Fierer and Jackson (2006) . Briefly, mineral soil samples were gathered from relatively undisturbed sites (with the exception of the experimental plots at CC and KBS) around the time of the peak growing season for vascular plants (with the exception of the Antarctic sites, which were basically plant-free). As our objective was to examine the variability in archaeal communities across a wide range of sites, rather than an examination of the spatial and temporal variability within individual plots, DNA was extracted and amplified from a single composited soil sample from each site. Approximately 10 g of soil was removed from the sample and homogenized under liquid N 2 using a mortar and pestle. DNA was then extracted from a 0.25 g subsample using a procedure described previously .
Materials and methods
PCR-amplification of bacterial/archaeal rRNA genes and barcoded pyrosequencing Preparation of extracted DNAs for pyrosequencing followed the protocol described by Fierer et al. (2008) . Briefly, the method includes targeted amplification of a portion of the 16S small-subunit ribosomal gene, triplicate PCR-product pooling (per sample) to mitigate reaction-level PCR-biases, and Roche 454 pyrosequencing. PCR amplification used the primers F515 (5 0 -GTGCCAGCMGCCGCGGT AA-3 0 ) and R806 (5 0 -GGACTACVSGGGTATCTAAT-3 0 ). This primer set was developed for this project and was designed to be universal for nearly all bacterial and archaeal taxa. We have demonstrated in silico that this primer set should amplify 16S rRNA genes from a broad range of archaeal and bacterial groups with few biases or excluded taxa (see Supplementary Figures S1 and S2) . In spite of the short-read lengths (B250 bp), this targeted gene region should also provide sufficient resolution for the accurate taxonomic classification of microbial sequences (Liu et al., 2007) . The F515 primer included a Roche 454-A pyrosequencing adapter (Roche Applied Science, Branford, CT, USA) and a 'GT' linker sequence, although R806 incorporated a 12-bp barcode sequence (unique to each individual sample), a 'GG' linker, and a Roche 454-B sequencing adapter.
PCR reactions were performed in 25 ml reactions, each containing 2 ml (15 mM concentration) of forward and reverse primers, 10 ml of 5Prime Hot MasterMix (Eppendorf-5Prime Inc., Gaithersburg, MD, USA) and 1 ml of genomic community DNA as a template; using the following cycling parameters: 35 cycles (95 1C, 30 s; 50 1C, 1 min; 72 1C, 1 min) after an initial denaturation 95 1C, 3 min. Pooled triplicate reactions were purified using the UltraClean PCR clean-up kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA) and then quantified using PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA, USA). A single composite sample was produced that contained barcoded PCR product, normalized in equimolar amounts to produce equivalent sequencing depth from all samples. The sample was sent for sequencing at EnGenCore (University of South Carolina) on a Roche GS-FLX 454 automated pyrosequencer.
Sequence processing, assigning taxonomic identity, abundance and phylogeny Before analyses, raw sequence data generated from the 454-sequencing runs were processed using QIIME . In brief, quality sequences were binned into phylotypes (X97% similarity) using Cd-hit (Li and Godzik, 2006) and grouped by samples according to their unique 12-bp barcode. Phylotypes were assigned an identity based on comparisons with sequences in the Ribosomal Database Project (Cole et al., 2005) . In order to assess the phylogenetic placement of archaeal sequences obtained from soil samples, a composite alignment was created by first assembling representative sequences of each archaeal phylotype identified. These were then aligned using the NAST alignment function of the GreenGenes public database (http:// greengenes.lbl.gov), applying the PH Lane Mask. The sequence alignment was then used to construct bootstrapped neighbor-joining phylogenetic trees, recommended for inferring phylogenies for large sets of sequences (Price et al., 2009) , in the MEGA 4 software package (Tamura et al., 2007) .
We defined relative archaeal abundances according to the total number of individual archaeal sequences (each corresponding to a specific phylotype) obtained from each soil sample (determined by the sequence barcode that corresponded to a specific sample). From these data, the relative archaeal abundance for each soil was calculated as a percentage: the number of archaeal sequences divided by the total number of 16S rRNA gene sequences (archaeal þ bacterial) obtained from each soil sample, and multiplied by 100.
Clone libraries of archaeal 16S rRNA genes
In order to independently verify our pyrosequencing results and to obtain longer sequence reads, we constructed clone libraries from a subset of our soils. For these libraries, we used the archaeal-specific primers A2Fb (Ló pez-García et al., 2002) and U1406R (Reysenbach and Pace, 1994) to produce archaeal PCR-amplicons. These primers have been shown to effectively amplify a broad range of archaeal groups when using an optimized cycling protocol (Baker et al., 2003) , which we used here. One clone library was constructed for each of three composited soil samples using the pooled products from triplicate PCR reactions. Clone libraries were then constructed using a TOPO TA Cloning Kit (Invitrogen) according to the manufacturer's specifications. The cloned amplicons were sequenced in the forward and reverse directions at a commercial facility. Contiguous sequences were assembled from the sequences obtained, checked for quality, and then binned into phylotypes (X97% similarity) using FastGroupII (Yu et al., 2006) . A second alignment was then produced for these sequences, and phylogeny was assessed using the methods described above.
Statistical analyses
Parametric Pearson's correlation coefficients were calculated to examine trends between relative archaeal abundances and site/soil characteristics or relative bacterial abundances (calculated in the same manner as for archaea, see above). Archaeal relative abundance data were transformed (Log (x þ 1)) when required in order to satisfy the assumption of normality. All correlations (including tests for significance) and multiple regression analyses as well as analysis of variance or KruskalWallis tests (including the Levene's test to verify homoscedasticity) were performed using R statistical software (http://www.r-project.org/).
Results and discussion
Dominant archaea recovered from soil samples A total of 159 714 high-quality sequences (B250 bp on average) were obtained from the 146 soil samples in the pyrosequencing run, at an average of 1094 sequences per soil and with coverage ranging from 813 to 1497 reads per sample. With this level of coverage, the full extent of microbial diversity has not been surveyed; however, previous work (Fierer et al., 2008; Jones et al., 2009; Lauber et al., 2009; Miller et al., 2009) has shown that patterns of beta diversity and overall taxon relative abundances of dominant lineages can be accurately inferred with this depth of sequencing. Of these reads, 159 618 (99%) could be confidently identified, the majority to the level of family or genus. Across all samples, we identified over 15 000 phylotypes (defined at the 97% sequence similarity level). Here, we largely restrict our analyses to the archaeal sequences, determining the relative abundance of archaea (number of archaeal sequences as a percentage of the total number for bacteria and archaea) to gain insight into factors that influence dominant populations across these soils.
Of the total number of sequences obtained, 2672 (1.7% of all sequences) represented lineages from the domain Archaea, and of the 146 soils sampled, archaeal populations were large enough to be detected by our methods in 127 (87% of the samples) soils. The phylogenetic placement of the archaeal phylotypes represented by these sequences is shown in Figure 1 . As only the most abundant archaea were recovered by our method, it should be stressed that the phylogenetic tree represents relationships among the most dominant archaea and does not depict the full extent of archaeal diversity in these soils, which is potentially much greater (Fierer et al., 2007) . The majority of the archaeal phylotypes (90.9% of all archaeal sequences) were contained within the group 1.1b crenarchaeotal clade (Jurgens et al., 2000) , which has been shown previously to be dominant in soils (Auguet et al., 2009) .
Interestingly, our soil samples were overwhelmingly dominated by just a few of the group 1.1b crenarchaeotal phylotypes (see Supplementary Figure S3 ). One phylotype (defined at the X97% similarity level) was quite abundant, having been detected in 73 (50%) of the soils sampled and representing approximately 46% of all archaeal sequences recovered across the 146 soils. This phylotype is designated here as 'dominant soil crenarchaeota number 1 0 (DSC1). A second phylotype was more frequently encountered, having been found in 92 (63%) of the soils, but less abundant than DSC1, representing 27% of all archaeal sequences in these soils. This phylotype is designated here as 'dominant soil crenarchaeota number 2 0 (DSC2). In total, 101 soils (79.5% of samples with detectable populations of archaea) contained either DSC1 or DSC2; however, in only 60 of these soils (59.4%) could both dominant phylotypes be found together. Collectively, these two individual phylotypes dominated the archaeal communities, accounting for 470% of the archaeal sequences overall. DSC1 and DSC2 were not closely related to the only known group 1.1b crenarchaeotal isolate Candidatus Nitrososphaera gargensis (from hot springs; Hatzenpichler et al., 2008) ; however, they did form a tight clade (Figure 1 ) with the uncultured soil clone '54d9' (a large genomic fragment obtained from an soil fosmid library that included the entire 16S/23S rRNA gene; Ochsenreiter et al., 2003; Treusch et al., 2005) .
These results were independently verified with archaeal clone libraries of 92 sequences constructed from a subset of three soils (samples AR3, CF1 and CO3). The short sequence reads (B250 bp) representing DSC1 and DSC2 obtained by pyrosequencing could also be confidently placed within the alignment (nearly identical in this overlapping segment) of the considerably longer (B1300 bp) clone library sequences. Thus, the presence of phylotypes of DSC1 and DSC2 within the clone library sequences was confirmed. Longer clone library sequence reads representing the DSC1 phylotype were also identical to the soil clone 54d9 (see Supplementary Figure S4) at the X97% similarity level. The general archaeal community structure revealed by these clone libraries also mirrored that recovered by pyrosequencing (see Supplementary Figure S4 and Figure 2 ). For example, the DSC1 phylotype represented 83% of the clone library sequences for sample AR3 (see Supplementary  Figure S4 ), which reflected the high relative abundance of this phylotype indicated by pyrosequencing for the same sample (see AR3 in Figure 2) . Similarly, both clone library and pyrosequencing suggested the dominance of crenarcheotal sequences representing phylotypes other than DSC1 and DSC2 in sample CF1. Finally, both methods revealed the more equitable distribution of DSC1, DSC2 and other crenarcheotal phlotypes in sample CO3.
Our finding that archaea are nearly ubiquitous in soil agrees with other studies, which have identified archaeal DNA in a wide variety of soils (for example, Leininger et al., 2006; Oline et al., 2006; Auguet et al., 2009) , including even the extreme environment of Antarctic dry valleys (see Cary et al., 2010) . Although the dominance of the crenarchaeotal group 1.1b in terrestrial systems has been noted previously (Buckley et al., 1998; Ochsenreiter et al., 2003; Auguet et al., 2009) , to the best of our knowledge this is the first study to show the extensive dominance of just two phylotypes, within a very phylogenetically restricted group 1.1b clade, from archaeal communities across a broad range of soils and environments. The close relationship of these phylotypes, especially for DSC1, to the clone 54d9 (recovered from a calcareous grassland soil; Ochsenreiter et al., 2003) suggests a potential functional role as important soil ammonia oxidizers, as this clone was shown to contain genes encoding ammonia monooxygenase (Amo)-related proteins (Treusch et al., 2005) .
Although our primer set should amplify 16S rRNA genes from a broad variety of archaeal groups with few biases against specific taxa (see Supplementary Figures S1 and S2) , archaea from groups outside of group 1.1b Crenarchaeota were poorly represented in these soils. For example, only 6% of all archaeal sequences represented group 1.1c, which has been found to be abundant in forest soils as well as freshwater systems (Ochsenreiter et al., 2003) . Other crenarchaeotal groups (for example, group 1.1a) were recovered here; however, they were represented by low sequence numbers in only a few soil samples. Similarly, euryarchaeotal sequences were very rare in our data set having been recovered in fewer than 20 soil samples and representing only 1.5% of all archaeal sequences. A greater diversity and abundance of these archaeal groups may actually be present in our samples but they could not be detected with the methods employed here given that we only averaged 1094 sequence reads per sample. Although limitations are inherent when using molecular techniques for microbial community surveys (Bent and Forney, 2008) , the further development of 'next generation' sequencing techniques (for example Caporaso et al., in press) will improve our ability to characterize the full extent of archaeal diversity and abundance in soil.
Archaeal relative abundance and correlation analysis for non-experimental soils Our pyrosequencing-based survey recovered detectable archaeal populations in a high percentage (87%) of the soils examined, with the relative abundance of archaea averaging nearly 2% across all soils. In those soils wherein archaea were detected, relative archaeal abundances ranged from 0.08% to 15.6%, with just five soil samples having over 5% archaea (Figure 2 ). Of these five, three samples were from wet tropical forests in Argentina. The remaining two soils were from a high-elevation meadow in Colorado and a semi-arid shrubland in New Mexico, USA. There was a high degree of variability in relative archaeal abundances and no single vegetation or biome type consistently had higher soil relative archaeal abundances than any other (Figure 2 ). This intra-biome variability is evident across the native tallgrass prairie soils (designated in Figure 2 by 'NTP'), samples collected from a latitudinal gradient within a single biome and vegetation type, wherein archaeal relative abundances ranged from among the highest levels (3.9%) to individual samples in which archaeal populations were not detected. If we examine only oxisols from tropical forests in South America (AR1-3, PE5-7 in Figure 2 ), we find some samples dominated by DSC1, and others by group 1.1c.
This high degree of variability highlights the risks associated with using smaller sample sets to reach conclusions regarding the environmental factors regulating archaeal relative abundances in soil. For example, if the Argentinean soils had been the only tropical forest soils included in our sample set, we would have mistakenly concluded that archaea are far more abundant in tropical soils than in those from other biomes.
Many of the soil or site characteristics that were correlated with relative archaeal abundances differed, some diametrically opposing, when examining grassland and forest/shrubland soils separately (see Table 1 ), which suggests vegetation type modulates the relationship between relative archaeal abundances and environmental factors. Particular groups of aquatic archaea are known to dominate specific niches defined by discreet environmental parameters (for example, non-saline vs saline habitats) perhaps representing habitat filtering among various archaeal groups (Auguet Figure 2 Relative archaeal abundances (on the y axis as archaeal % of all 16S rRNA gene sequences in each sample) grouped by general biome for each of the non-experimental soil samples (those excluding experimental N addition sites at CC and KBS; *soil samples used for clone libraries). The portions represented by the dominant soil Crenarchaeota (DSC1 and DSC2) as well as for remaining Crenarchaeotal and Euryarchaeotal phylotypes are indicated. More specific biome vegetation/climate classes are given on the x axis, as is the site of origin for each sample. AGF, agricultural field; ACF, arid/semi-arid conifer forest; ABF, arid/semi-arid broadleaf forest; ADL, arid/semi-arid desert land; AGL, arid/semi-arid grassland; ASL, arid/semi-arid shrubland; HCF, humid conifer forest; HBF, humid broadleaf forest; HGL, humid grassland/prairie; PDL, polar desert land; TBF, tropical broadleaf forest; TGL, tropical grassland. et al., 2009). For soil archaea we did see some evidence for this phenomenon; however, it was reflected only in the general trends observed (see Figure 2 ). For example, group 1.1c crenarchaeota were found almost exclusively in forest/shrubland soils (present in 42% of samples with detectable archaeal populations), typically when DSC1 and DSC2 were not present, whereas group 1.1c were basically absent from other soils from non-forested sites (present in only 7% of samples with detectable archaeal populations). Similarly, the dominant phylotype DSC1 tended to prefer grassland/prairie soils (present in 73% of samples with detectable archaeal populations) over forest/shrubland soils (present in 28% of samples with detectable archaeal populations). On the other hand, DSC2 had a more equal distribution between forest/shrubland soils (present in 53% of samples with detectable archaeal populations) and grassland/prairie (present in 66% of samples with detectable archaeal populations).
Soil C:N ratio was the only measured variable that was consistently correlated with relative archaeal abundances across all data sets, a result that parallels previous research showing that C:N ratios were strongly related to the composition of soil archaeal communities at the landscape scale (Nielsen et al., 2010) . The pattern that relative archaeal abundances were typically higher in soils with lower C:N ratios was highly significant in all cases (Table 1) . However, we note that soil C:N ratio was not the only variable correlated with archaeal relative abundances and C:N ratio alone only explained a portion of the variability in relative archaeal abundance across all samples or sample subsets. As with nearly all studies that utilize broad biogeographical surveys, it is difficult to ascertain which specific environmental variables are driving the observed biological patterns because many of the soil and site characteristics are unavoidably correlated with one another. As C:N ratios provide a relative index of soil nutrient status, this correlation may suggest the response of archaeal communities to soil carbon inputs; however, it is equally probable that these populations are being influenced by an increasing availability of N. We examined N availability in more detail with our experimental N-amended plots of CC and KBS.
Archaeal relative abundance and correlation analysis for N-amended soils Considering the potential important role of archaea in soil nitrification, suggested by the close relation of our dominant archaeal phylotypes to a putative ammonia oxidizer (clone 54d9) and previous studies (for example, Leininger et al., 2006; Nicol and Schleper, 2006) , we specifically examined the link between relative archaeal abundances and the level of soil N in situ. Samples collected from two longterm N fertilization experiments were analyzed to determine how prolonged N fertilization affects archaeal populations in soils from these sites. In these soils, we found that the sizes of the extractable inorganic N pools (NH 4 þ and NO 3 À) were both significantly correlated with relative archaeal abundances (r ¼ À0.39, P ¼ 0.023 and r ¼ À0.42, P ¼ 0.015, respectively). This correspondence was particularly apparent in the mean relative abundance values for archaeal groups, including DSC1 and DSC2, plotted in Figure 3 for both N amendment experiments (exact plot means and s.d. are given in Supplementary Table S2 ). Significant trends (Po0.05) of diminishing relative abundance with higher N levels were observed for DSC1 (but not DSC2) at both the native grassland site (CC) and KBS, which were coupled with a general trend of an increase relative abundances for putative groups of nitrifying bacteria between the control plots and those plots receiving the highest N amendment rates. As 54d9 (a putative ammonia oxidizer) was most closely related to DSC1, it is interesting to note that in the N-amended soils of CC and KBS the relative abundance of DSC1 sharply declines with heavy N application as Nitrosomonas/Nitrosospira and Nitrospirae tended to become more abundant (Figure 3 ). This pattern suggests that these soildwelling archaea are inhibited by high levels of available N, perhaps because of competitive interactions with bacterial nitrifiers. The cultivated marine ammonia-oxidizing archaeon, Nitosopumilus maritimus, has an extremely high substrate affinity and is thought to be adapted to nutrient limited conditions (Martens-Habbena et al., 2009) . These investigators have also suggested that ammonia oxidation kinetics may have an important role in shaping ammonia-oxidizing microbial communities, with archaeal ammonia oxidizers more abundant in soils with lower levels of available N, and bacterial ammonia oxidizers outcompeting their archaeal counterparts and becoming more dominant in soils with higher levels of available N. Jia and Conrad (2009) as well as Di et al. (2009) have also shown that bacterial ammonia oxidizers functionally dominate over their archaeal complement in soils, which have high levels of available inorganic N. Although our results are not definitive proof that archaea in these soils are actively oxidizing ammonia, they are congruent with the concept of 'niche separation' between ammonia-oxidizing archaea and bacteria. The recent sequencing of the Cenarchaeum symbiosum and Nitrosopumilus maritimus genomes, however, suggests these organisms may also be capable of some level of mixotrophy (Hallam et al., 2006; Walker et al., 2010) , and additional research will be required in this area before these dynamics can be more fully resolved.
Conclusions
This survey demonstrates that there is a high degree of variability in the general structure and relative abundance of the dominant archaeal communities inhabiting soils on the global scale, underscoring the importance of examining a broad array of soils before attempting to draw conclusions about the ecological characteristics of archaea, or any other soil microbial taxa. Some general trends of a preference of particular soil archaeal groups for specific habitat types were observed, which supports the concept of niche partitioning for terrestrial archaeal groups. Across the non-experimental soils examined here, we found that soil C:N ratio was the single best predictor of archaeal relative abundances. Perhaps more surprisingly, we found these soils were basically dominated by just two phylotypes within the crenarchaeotal group 1.1b. This finding, only alluded to in previous studies, has important implications for future studies in this Figure 3 Relative abundances (group % of all 16S rRNA gene sequences in each sample) for archaea and specific groups of bacteria across soils from medium (B100 kg ha À1 year
À1
) and high (B300 kg ha À1 year
) experimental N addition as well as control plots at CC (a) and KBS (b). The portions represented by the dominant soil crenarchaeota (DSC1 and DSC2) and the remaining Archaea as well as Nitrosomonas/Nitrosospira and Nitrospirae bacterial groups are indicated (actual mean values and s.d. are reported in Supplementary Table  S2 ). Significant difference (Po0.5) in relative abundances between the control and N addition plots is indicated with an asterisk (*).
field as it suggests that archaea inhabit a far more restricted ecological niche in soils than bacteria. Although these dominant archaeal taxa, particularly DSC1, may have key roles in the soil N cycling, surveys such as this cannot confirm this functional role for soil archaea. We do show, however, that the dominance of certain soil archaea (DSC1) is diminished under conditions of high inorganic N availability, perhaps because of competitive interactions with nitrifying bacteria. The differing responses of DSC1 and DSC2 within soils, linked to both edaphic and environmental factors, suggest very different roles for these dominant terrestrial archaea and present an interesting avenue for future research. Metagenomic surveys targeting those soils wherein these taxa are relatively abundant, coupled with efforts to cultivate these microbes should significantly add to our knowledge of this prominent, but still poorly understood, group of soil-dwelling archaea.
